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tion-utilizing  the momentum  budget  in-the  inflow  layer. 

1. INTRODUCTION 

On Oct. 1, 1964, as hurricane  Hilda was still  deepen- 
ing and  already  an  intense  hurricane [6], the Research 
Flight  Facility in support of the  National  Hurricane 
Research  Laboratory  launched  a special data-gathering 
effort. The plan was to  gather meteorological data through- 
out  the  intense core of the  storm at  five levels. Each of 
the two  DC-6's  was responsible for data sampling at  
two levels a t  or below 500 mb.  The first DC-6  took 
observations along the  flight  pattern shown in figure l a  
at 900 mb. (3,240 ft. PA). When  this pattern was  com- 
pleted,  the  plane climbed to 750 mb. (8,090 ft. PA) 
and executed  a pattern similar to  that shown  in figure lb. 
The  other DC-6 flew a  pattern similar to  that in  figure 
l a   a t  650 mb. (11,780 ft. PA), then  climbed to 500 mb. 
(18,280 ft. PA), and followed the  pattern shown  in 
figure lb.  The high altitude  jet  at 180 mb. (40,870 ft. 
PA) flew the  pattern shown in figure IC and  then  had  to 
head for its staging  base  because of its extremely short 
range. This five-level collection of data is unique in the 
NHRL-RFF files. It presented the  best  vertical resolu- 
tion that  had become available up  to  that  date,  and for 
this  and  other reasons it seemed appropriate  that  the 
data should be analyzed exhaustively and  that  budget 
studies for various  parameters  be  prepared  where  the 
data permitted. 

2. DATA  COMPOSITING AND DATA  LIMITATIONS 

The  primary tool used in compositing the  data  about 
the moving storm is the time-lapse radar film record. A t  
frequent  intervals,  when  the  radar  eye of the  storm is 
discernible on  the film, the  relative  range  and  bearing of 
the  plane  to  the geometric  center of the  radar eye wall  is 
tabulated.  These  relative fixes of the  plane  to  the  storm 
are fed into  the  computer, which  interpolates  between 
fixes using the known motion of the  storm  and  the  Doppler 
navigation  information of the  motion of the plane (carried 
on  the  magnetic  tape  together  with  the meteorological 
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observations).  For  some purposes, this  compositing  tech- 
nique  and  its  accuracy  are  quite  satisfactory.  For  other 
purposes, the  present  equipment  permits only  marginally 
acceptable compositing. For  instance, if the  plane is 
located 60 n.mi. from the eye cent,er and  is  misplaced 
azimuthally by a  distance of 1 n.mi., i.e., lo, then  an  error 
in  the  radial wind  component  equal to sin 1' multiplied by 
t,he wind speed will result.  Thus, if the wind speed is 60 
kt.,  the  error  in  radial' wind speed will  be 1 kt. Most 
meteorological parameters  have  very small tangential or 
azimuthal  gradients,  however,  and  such  errors  may  be 
quite  unimportant for many of the uses that  may be made 
of these data. 

The winds  were  Doppler winds, which are  measured 
relative  to  the  surface  over which the plane is flying. If the 
surface interrogated  by  the  radar  beam  has  a  mean  motion 
in  a given  direction,  the wind computed  by  the  Doppler 
system will be in  error  by  an  amount  equal  and  opposite 
to  the  motion of the reference plane. Most of the wind 
speeds with  which we are concerned are  large, while most 
estimates of the  net  water  motion  (particularly  the  radial 
motion) are  quite  small. O'Brien and  Reid [17] used  a 
numerical  model in  arriving at   an estimate of the  maximum 
radial  water  motion of around 1 kt.  and  a  maximum 
tangential  motion of 2  to 3 kt. These velocities, however, 
were means for the  water  motion over depths of the  order 
of 60 m. In  the  present  study all winds  were  calibrated 
(post-flight) for errors  in  true  air speed and drift. 

Temperatures were  measured  by  vortex  thermometers 
requiring  no  dynamic correction. Many researchers who 
have used vortex temperatures  are of the opinion that 
during flights through cloud and falling rain,  particularly 
heavy  rain,  the values obtained  may  be too low by as 
much as 1.5OC. to 2.OoC. Having examined the  data, 
we found  no  satisfactory  systematic  manner  in  which  to 
apply  this knowledge. In  some situations, use of such 
corrections apparently  improved  the  thermal  structure, 
but  in  others where the correction apparently  should also 
be applied, it made  the  thermal  structure less acceptable. 
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DETAILED  FLIGHT  PATTERN  FLIGHT NO. 641001-8 
PRESSURE  ALTITUDE 3.240 FT. 900 MB. 
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FIQURE 1.-Flight pattern, relative to the moving hurricane center 
(at 0 n.mi. radius), at (a) low level, (b) 500 mb., and (c) 180 mb. 
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Consequently,  the  temperatures were not  corrected  for 
"in" or "out" of falling rain,  nor were any  systematic 
correct,ions deemed applicable to the DC-6  vortex  ther- 
mometer  readings as a  result of the  temperature checks 
made  with the  radiosonde  runs at  Key West  and  Miami. 
The high altitude  aircraft  temperatures were finally 

judged  to  be 3OC. too  high after  extensive  checking of 
other flights that season,  and  consistency tests of the  data 
and  the soundings  on the  day of the flight. 

3. HORIZONTAL  ANALYSES 

The  data coverage  made  detailed  horizontal  analyses 
possible out  to  a  radial  distance of 70 to 80 n.mi. In  the 
interests of brevity,  and  because  intermediate  changes 
were relatively small, we present  the  analyses at only 
three  levels: 900 mb., 500 mb., and 180 mb. 

The streamline  analyses  for  these  levels  are  presented 
in figure 2. Figure 2a shows that  the air motion  relative 
to  the moving storm  at 900 mb.  was a nearly  circular, 
fairly  symmetric,  spiral  indraft. Similar flows with  progres- 
sively  decreasing indrafts were analyzed at the 750- and 
650-mb. levels. At 500 mb. (fig. 2b) the  inner 40 n.mi. 
showed little  indraft or outdraft  although a t  greater  radii 
a slight  outdraft was evident.  Hence  the  'low level" 
inflow layer  terminated  somewhere  between  the 650- and 
500-mb.  levels. At 180 mb. (fig. 2c) the  inner cyclonic 
circulation was preserved.  Strong diffluence, beginning 
some 25 to 30 n.mi. out, was observed  mainly east  and 
southeast of the  storm  center.  To  the  northwest  and  to 
the  southeast,  the wind turned  anticyclonicdy. 

Maximum wind speeds  (relative to the moving  center) 
were recorded between 100 and 110 kt.  at  both  the 900-mb. 
(fig. 3a) and 750-mb. levels, where the  radius of maximum 
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winds was about 12 n.mi. Note  that these  two levels were 
investigated by the  same  aircraft so that there was an 
effective time difference of about 3 hr. between the  data 
samples. At 900 mh.  the  isotach analysis showed a rela- 
tively simple pattern  with fairly  strong  radial  gradients 
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FIGURE 2.-Streamline pattern at (a) low level, showing the  nature 
of the spiral  inflow relative to the moving center; (b) 500 mb., 
showing practically no significant  inflow or outflow; (c) 180 mb., 
showing outflow  from the storm and strong diffluence to  the 
southeast. 

but weak tangential  gradients. The  pattern  appeared  to 
become more complex with elevation at  least  to  around 
500 mb. ( f ig .  3b), where numerous  small  centers of maxi- 
mum  and minimum wind speed appeared. The 180-mb. 
wind speeds (fig. 3c) were surprisingly well sustained with 
height.  Some 18 a m i .  from  the  center 50-kt. winds were 
associated with  the cyclonic core of the hurricane.  Some 
30 n.mi. southwest  from  the  center,  another,  larger  wind 
speed maximum of 50 kt. appeared to  be  more closely 
related  to  the  larger scale circulation in which the vortex 
was embedded. 

Even at  the low level of 900  mb. the warm-core structure 
of hurricane  Hilda was manifest (fig. 4a). Temperatures in 
the eye  reached 23OC. at  this level. Some 40 to 50 n.mi. 
out, on the  other  hand,  temperatures  averaged  between 
18 and 19°C. It is not impossible that this  fairly strong 
temperature difference was  enhanced because of the  vortex 
thermometer deficiency previously discussed. At 500 mb. 
(fig. 4b) the  strongest  gradients were in or near  the  eye 
wall. Temperatures were above 3.0"C. in the  center of the 
eye  and decreased sharply  with  distance  just  outside 
the eye. This first annulus of cool air  outside the  eye  was 
succeeded by warmer  air a t  greater  radii  until a second 
cool  pool was met some 70 n.mi. to  southwest of the center. 
All in all the 500-mb. temperature  pattern seemed more 
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complex than one might  have  anticipated a priori .  At 
180 mb. (fig. 4c) the  pattern was mainly one of circular 
symmetry  about  the  eye  with  temperatures  rising (as the 
eye was approached)  to  the  highest  value (-48OC.), 
which was  encountered in the eye. 

ISOTACHS (REL. WINDS) (KT ) PA. 40.870 FT. (180 ME.) 
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FIQURE 3.-Isotachs at (a) 900 mb.; (b) 500 mb. (Note  the increase 
in  complexity of the pattern,  presumably a reflection of the 
turbulent  structure of the storm.) ; and (c) 180 mb. 

The 900-mb. D-values  presented in figure  5a show a 
structure of nearly  concentric circles. Figure  5b shows a 
very  similar  structure  for 500 mb.,  except for reduced 
gradients.  There were usable  D-values from the  jet  air- 
craft  at 180 mb.  and  these were merged with values 
computed  hydrostatically using figure  5b  as  a  base  and 
employing the  temperature  data from 500 and 180 mb. 
and  the  humidity data from 500 mb.  Figure 5c shows the 
further weakening of the cyclonic  vortex  with  height that 
one would expect in a  warm-core  vortex. 

The final horizontal  analyses  are for the specific humid- 
ities  for 900 and 500 mb., shown in figures 6 s  and  b 
respectively. No humidity  measurements were taken  from 
the  jet  aircraft.  For  the  most  part specific humidities  in- 
creased with  decreasing  radius until  the eye was reached. 
In  the eye, they  remained a t  or near  the maximum. At 
first  glance  their  high  values may seem somewhat sur- 
prising but, as pointed  out  by  LaSeur  and  Hawkins [12], 
the  temperatures rise so rapidly  as  the  eye is approached 
that within the  eye  the  relative  humidities  are less than 
they  are in the  surrounding  wall  cloud  and in the  adjacent 
regions beyond. 

4. VERTICAL CROSS SECTIONS 
The  similarities in the  patterns flown by  the  various 

planes were designed for specific purposes. The first 
traverses (see fig. 7) were planned from northeast  to 
southwest  through  the  storm  center, but because the 
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storm was a little  farther  north  than  anticipated,  the first 
penetration  ran  more  from  east-northeast to west-south- 
west at 900 and 650 mb.  These  planes were subsequently 
joined  by the  jet  for a three-plane  traverse at 750, 500, 
and 180 mb. The  total  time  spread was about  5 hr. 
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FIGURE 4.-Temperature at (a) 900 mb., showing a marked tend- 
ency towards s warm-core structure; (b) 500 mb., showing a 
total temperature rise only slightly larger than at 900 mb.; and 
(c) 180 mb., showing a smooth, relatively simple temperature 
pattern. All temperatures  are negative in c. 

Rather  than being "stacked"  vertically  the  planes had 
tangential  separations  ranging  up to around 40 mi. The 
data were composited,  however, as if synoptic in time and 
superposed in space  for  the purpose of constructing 
vertical cross sections.  When  necessary, the  data were 
subjectively  smoothed  and  reasonable  allowances  were 
made  for  the  method of compositing. 

TEMPERATURES 

Based on the  data from the five  levels (800, 750, 650, 
500, and 180 mb.)  soundings were constructed a t  10-n.mi. 
intervals on either  side of the  storm  out  to 60 n.mi. on 
the  east  and 70 n.mi.  on the west side (fig. 8) .  The lowest 
portions of the soundings, i.e.,  below  900 mb.,  were 
constructed  under  the  assumptions that: 1) the  cloud 
ceiling lowered from 1,500 ft. a t  70 n.mi. to 800 ft. at  the 
eye wall, which seemed reasonable in the  light of our 
experience  in low level  hurricane  penetrations; 2) the 
sounding was saturated, or very  nearly so, from  the 
900-mb. observation down to the  lifting  condensation 
level at  the cloud base;  and 3) from  cloud  base to ocean 
surface  the  sounding was  essentially dry adiabatic. The 
terminal  sea  level  pressures were estimated  from calcu- 
lations that extrapolated  the 900-mb. D-values to equiva- 
lent  sea level  pressures and  from  preliminary  analysis of 
the D-value profile (to be discussed later). For the  most 
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part  no  abrupt  discontinuities of lapse  rate were intro- 
duced or necessary at  the 900-mb. level  because of these 
assumptions. 

The lapse rates  appeared  to  be  consistently  stable, 
particularly on the  east  side of the  storm in the  layer 
between 650 and 500 mb.  Since the  two  temperatures 
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F'IGUEE 5.--D-valuea at (a) 900 mb., (b) 500 mb., and (c) 180 
mb., the  latter were partially constructed hydrostatically from 
the 500-mb.  baae. 

dehing  this stability were measured  from  the  same 
aircraft,  no single correction  applied  consistently to this 
parameter would change  the  relative  lapse  rate. 

It seems possible that  the  vortex  thermometer's 
"wetting  effect"  might  have contributed  to  exaggerating 
the  stability since the 500-mb. pass  was  mainly  above, 
while much of the 650-mb. pass  was  in  the  active  pre- 
cipitation.  However,  even if one  raised  the 650-mb. 
temperatures 2°C. on the  eastern  side of the  storm a 
layer of marked  stability would still remain.  Moreover, 
the correction  is  presumably not  applicable 60 mi. east 
of the  center where the  stability was quite well marked. 
The west  side of the  storm  did  not. show the  curious 
warmth a t  500 mb.  although on this side,  too,  the  flight 
was not  through  any  extensive  areas of precipitation. 

The  dashed  curves in figure 8 offer an appropriate 
moist  adiabat for comparison with  each  sounding. In 
general,  the closer the  soundings  with  reference  to  the 
storm  center,  the  warmer  they were (particularly a t  
higher levels). At  most radii the  lapse  rate was close to 
moist  (and also d r y )  adiabatic at  the uppermost data 
point, 180 mb. 

The composite  eye  sounding  deserves  mention. It shows 
that a stable  layer existed  from the "cloud base" to 
about  the 750-mb. level, above  which the  lapse  rate was 
briefly  greater than  moist  adiabatic  but in general  very 
close to it. The  structure was not  unlike  that in the eye 



September 1968 Harry F. Hawkins and  Daryl T. Rubsam 62 3 

60 - '\ 

a -. 
. . . . . . . 4 / C  TRACK 
AfC TIMES 1320002- 1 6 2 7 4 0 %  "-- _ _ _ _ _  __-____ _-  ._ " " _," 

,' 

8 0 " ' " " " ' ~ '  14 0 
60 40 20 

WEST DISTANCE  (NAUTICAL MILES) 
20 40 60 80 

EAST 

"""."" 

4 0  

DISTANCE  (NAUTICAL MILES) 
20 40 60 80 

FIGURE 6.-Specific humidity at (a) 900 mb., showing again the 
maintenance of high specific humidity values through the eye 
of the storm; and (b) 500 mb., showing some tendency for lower 
eye-values. 

of hurricane Arlene, as  documented  by  Stear [21]. In  
that instance,  the  raob showed  a  very stable  layer  up  to 
about 750 mb.,  a  slightly  greater  than  moist  adiabatic 

lapse  rate  above  this level to  near 450 mb., above which 
the  sounding was  close to  moist  adiabatic.  Thus,  despite 
the  hazards  inherent  in  the time-space compositing 
technique, we felt  that  the eye-sounding  was  reasonably 
realistic. The  upper level stability of the  outer  soundings 
may, of course, be attributed  to  the outflow of warm  air 
after  ascent  in  the core of the  storm. 

The  vertical cross section of temperature  anomaly 
(fig. 9) was prepared  from  the  soundings  shown  in figure 8 
using Jordan's [8] mean tropical sounding  as  normal. 
From 30 mi.  outward below the 650-mb. level the  anoma- 
lies were relatively insignificant. The  strongest  horizontal 
temperature  gradients occurred in  the eye wall a t  levels 
below 550 mb.  Although  the  center of warm  anomalies 
(+lS°C.) was located at  250 mb.,  the  horizontal  gradients 
above 500 mb. in the outflow layer were much  weaker 
than  through  the wall cloud a t  lower levels. The  magnitude 
(+12OC.) of the  anomaly  that still persisted at  180 mb. 
was  somewhat  surprising.  The  tropopause  may  have 
been not  only higher but also (probably) colder than 
normal,  resulting  in a rather  strong  vertical  temperature 
gradient between 180 mb.  and  the  tropopause level 
(Koteswaram [lo]). 

This  anomaly  pattern  may be  compared with  that of 
hurricane Cleo, 1958 (LaSeur  and  Hawkins [12]). The 
upper flight level in that, much  weaker, storm was a t  
239 mb.  and  the  maximum recorded  anomaly was + 11OC. 
Although in the case of Hilda  the maximum  anomaly 
(+lS"C.) was interpolated from the composited eye 
sounding, we felt  that,  barring  marked  upper level stable 
layers,  there  was  not too much choice in  drawing  the  eye 
sounding  between 500 and 180 mb. In  addition,  the 
soundings were used to  make  hydrostatic  computations 
that appeared to meet  all consistency requirements.  We 
feel, therefore, that  although minor errors  may  have 
existed in the  thermometry it was highly unlikely that 
any correction would be large enough to affect the  major 
features of the  pattern. 

One further  point of interest  may be  found in  the  sea 
level temperature  gradient  (heavy  dashes at  bottom of 
fig. 9). Since the  temperatures were derived from the 
low level aircraft  data  extrapolated downward as  already 
described, an interesting  point arises as to whether or 
not  the  anomaly increase with decreasing surface pressure 
corresponds to  that which  would accompany  the  isother- 
mal expansion  proposed by  Byers [2] as  characteristic 
of the low level circulation of a  hurricane.  Inspection of 
the  sea level "terminal" temperatures (fig. 8) shows that 
they all terminated a t  the  same  temperature  within  a 
quite  acceptable tolerance of f0.2OC. In view of the 
assumptions  involved in processing the  aircraft  data  and 
in  the  extrapolation  to  sea level this seems to  be  an 
acceptable  independent confirmation that  the in-spiralling 
air  did  indeed  undergo an approximate  isothermal ex- 
pansion. It does not, however,  prove that  temperatures 
recorded in  the low level pass itself were not  too low 
because of extended flight through falling rain.  Presumably 
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D I S T A N C E  IN NAUTICAL  MILES  FROM  HURRICANE  CENTER 

FIGURE 7.-The elevations,  times, and  relative  horizontal  tracks of the  aircraft  traverses used in constructing  east-west  vertical cross 
sections of hurricane  Hilda. 

a  uniform positive correction applied to those temperatures 
would lead to a similar result but at, a  somewhat  greater 
t,emperature. 

D-VALUES 

The D-value cross section (fig. 10) is, in  part  at  least, 
a  mirror  image of t.he cross sectmion of temperature  anomaly. 
We may  note that, t,he D-value equals the  radar or t,rue 
alt%it,ude  minus  the pressure altitude  (in  the  mean  tropical 
atsmosphere). Thus as one scans  the cross section horizon- 
tally,  the D-value variat,ions indicate  the change in al- 
titude which that  constant pressure surface underwent 
in  hurricane  Hilda.  The  fire  data le\-els were analyzed 
using t.he aircraft  data plus hydrostatic  comput,ations  to 
ensure vert.ical consistsency. Only  very  minor adjustments 
of the aircraft D-value profiles  were necessary after  the 
profile had  been posit,ioned at  the  correct  mean level. 
Gradient winds calculated from the  derired field of values 
were found to be in general agreement wit'h the observed 
winds. llhsimum D-value  horizontal  gradients occurred 
in the lower levels in  the eye wall near  the  radius of 
maximum winds. 

As expected, the  largest  negative anomalies occurred 
in the eye at  sea level. The  magnitude of the  negative 
anomalies decreased outward  and  upward, becoming 
generally positive above 200 mb. at  just  about all radii. 
The  negative D-values, i.e., low pressures, are obviously 
attributable  to  the mass of warm  light  air  above  any 
given  point.  The  air picks up sensible heat from the ocean 
in  its  isothermal expansion while spiralling in a t  low 
levels and also (as will  be demonstrated) acquires even 
more  energy in  the form of latent  heat.  Much of this 
heated  air rises in  the wall cloud and  spiral  bands  near 
t'he wall and  then flows outward.  The  sea level pressure 
gradient, is, in a sense, the  integrated  result of these 
processes. However, since the  sea level pressure pattern 
it,self is a significant factor  in one of these processes there 
are  manifest possibilities for the existence of a  feedback 
mechanism. 

WIND SPEEDS 

The wind speeds  (relative to  the moving storm)  are 
presented  in  a vertical cross section of hurricane  Hilda 
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FIGURE &-Temperature  soundings (solid line) a t  10-n.mi. intervals across  hurricane  Hilda. The dashed line is an  appropriate  pseudoadiabat,. 

in figure 11. Maximum winds of 100 to 110 kt. were ob- 
served some 11 to 12 n.mi.  east of the  storm  center.  The 
pattern  has been subjectively  smoothed because time 
and  space differences in compositing did not  permit perfect 
c0incidenc.e of values. 34aintenanc.e of wind speeds  with 
height  (Hawkins [5 ] )  was best  demonstrated  near  and  in 
the eye wall, where maximum winds of around 105 kt. on 
the  east side at  low levels gave  way to a maximum of 48 
kt.  at 180 mb. On the n-est side of the  storm  the wind 
shear was even less, with low level values of around  95 
kt. diminishing to  around 55 kt .   a t  180 mb. 

A c,areful check on the consistency of the wind and 
temperature field and on the balance  and/or  imbalance 
of these fields composited in the  manner described (and 
smoothed  subjectively) was made  as follows: 

If one considers the  thermal wind equation in cylindrical 
coordinates and assumes steady  state, frictionless motion, 
one c,an write: 

Strictly  speaking one should more properly  consider, 
a)  the tot,al n-ind, b) the  radius of trajectory  curvat~ure, 
and c)  t.he shear of the  curvature with pressure. Ho\\-ever, 
the  total winds are very  similar to  the  actual  tangential 
winds and one may for the moment  assume that  the 
curvature does not change  with  height  in the inflow layer. 
With these  reservations in mind  computations \\-ere made 
through the inflow layer using the given  equation for 
evaluating  the  shear over 5-n.mi. radial  intervals  and 
100-mb. vertical  increments. 

Table 1 shows the results of these ca,lculations for the 
800-, 700-, 600-, and 500-mb. levels. The observed minds 
for 900 mb.  are shown in t>he top row. The 800-mb. 
observed winds, the computed winds for this level, and 
the differences between the two occupy the  next  three 
rows. The differences are recorded as positive where the 
observed wind exceeds the  computed  and  as  negative 
otherwise. Differences are  underlined once where they 
exceed 10 percent of the observed mind speed and  are 
underlined twice where the differences exceed 20 percent. 
The  computed winds are based on the observed 900-mb. 
winds (and  the  radial  virtual  temperature  gradient), so 
that in effect all shears are  cumulative  from  this level. 
Only six of the 96 values differ by 20 percent or more 
and 16 of the 96 differ by  from 10 to 20 percent (of the 
observed wind speed).  For  the most part  the differences 
between observed and computed  speeds a.re small  or 
negligible. Further,  as  the  table shows, pluses predominate 
on t,he  left  (left  side of the  storm), negatives 011 the  right 
(right side of the  storm). If one considers the  radius of 
trajectory  curvature, it must be  larger on the  right of 
the direction of motion of the vortex and smaller on the 
left,  an effect that would tend to diminish the  magnitude 
of the positives on the left  and t,he negatives on t,he 
right.  The only conclusion possible from this array is 
that no c,onsistent and  strong  deviations from the  thermal 
wind relationship  appear in the inflow layer. 

Gray [4] has pointed out  that  the cumulus  activity in 
a  hurricane  may  play an ambiguous role in that  the pene- 
trative cumulonimbus towers which carry  up  and release 
the  heat (making  the  storm warm core and weakening 
with  height) also carry up higher momentum  from  the 
lower levels, tending to extend the  strong lower level 

315-521 0 - 68 - 6 
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HURRICANE "HILDA" 
V E R T I C A L  CROSS-SECTION 

( F R O M  M E A N   A N N U A L   T R O P I C A L   A T M O S P H E R E )  

FIGURE 9.-Yertical cross section of temperature  anomaly  prepared 
from thr soundings  presented in figure 5. 

circulation to higher elevat'ions. While momentmy ex- 
cesses of wind over  gradient may 11-ell exist in such gusts 
or bubbles, it, seems unlikely that over any  appreciable 
time period or RIIY extensive  area excessive imbalances 
c t ~ n  be  maintained.  Severtheless, t,he dual opposing roles 
t'hat  the cumulus plays hare been n-ell posed by  Gray. 

RADAR ECHOES 

The  rndar cross section (fig. 12) has been prepared  by 
scttnning t,he RDR-ID (3.2 cm.)  vertical cross-section 
rndrlr on ench of the four, lower level flights. The flight 
trwk was stippled when the plane appeared to be  in an 
wct~ire echo. Because of the est,remel_v short  ranges (5 to 
10 mi. on t,he average)  and the small antenna, spurious 
echoes  from side lobes and general  clutter  made  int,erpre- 
t d o n  of t.he  scope exceedingly difficult. The  major por- 
tion of the  area  under  surveillance was characterized by 
precipitrttion falling  from t,he bright)  band which  was, for 
the most  part., quite well defined. Thus  the  radar echo 
tops were generdlp even and  stratiform. The  major ex- 

HURRICANE "HILDA' O C T O B E R  f .1964 
VERTICAL  CROSS-SECTION 

OF 'D" VALUES I N  F E E T  
I l l ~ I l l ' l ~ l ~ l ' l ' '  

"""" " 7150MB 

FIGURE 10.-Vertical cross section of D-values (from the  mean 
tropical  atmosphere). 

ception to  this condition was in the wall cloud. On the 
eastern  (right, hand) side of the  storm echoes rose t,o 
about 200 mb., i.e., around 40,000 ft. This was the only 
area of the  storm in which really  deep, vigorous ascent 
appea.red to  mount well into  the  upper troposphere. The 
percentage  area covered by  active  cumulus or cumulonim- 
bus  towers was certainly  not  greater  than  the  generally 
small figure usually  allotted tjo this  activity.  The visible 
cloud, of course, surmount,ed the echoes in all  areas,  for 
the  jet  aircraft  at 180 mb. was in cirrus  throughout  most 
of its  transit of the st,orm. 

On a lower level of the  diagram we have  depicted  in 
thick lines the  areas where the APS-20 (10 cm.) radar 
suggested the  more  prevalent  major  rain  bands were lo- 
cated.  These were  composited over some period of time 
from t.he two  APS2O films available. In view of t,he dif- 
ferences in the  radars  and in the  method of compositing 
it. is not surprising that there  are differences in the  two 
composite  present,ations. Since only the  stronger  bands 
are distinguishable on the APS-20 (10 cm.) one  should 
expect the ec,ho area to be  smaller than  the  precipitation 
area  derived using the 3-cm. set. The  most  unusual  fea- 
tnre of the figure is the  length of flight  through  rain a t  
the lowest level. Presumably  the  hardest rain occurred 
in the limited  areas of the 10-cm. radar echoes. 
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5. FEATURES OF THE MASS FLOW FIELD 
RADIAL MASS FLOW 

We have  already  mentioned  the  hazards  involved  in 
compositing observations  around the moving storm.  One 
of the  parameters  most  sensitive  to theye uncertainties 
is the  radial velocity. Nevertheless, if we wish to  investi- 
gate  certain classes of problems, we have  to  estimate 
radial velocities as  best we can. The various  budget 
studies  demand  reasonable  values of the  radial  velocity 
(0 , )  and several  techniques  have been devised for dealing 
with  the  problem. 

This  most  important single item in the  budget  studies, 
the  distribution of radial velocities with  height  and  radius, 
is shown in figure 13. Mean values of v, (relative  to the 
moving storm) were acquired at  each flight level for  every 
10-n.mi. radial  interval  by  reading wind direction and 
speed along radials  constructed at  30' intervals  from  each 
of the horizontal field analyses and then  computing  the 
radial  components.  These values were plotted on a dia- 
gram (fig. 13) for purposes of analysis.  Since no data were 
available below  900 mb. some decision had to be  made 
as to the general  shape of the curve at  low levels. 

We have assumed that the low level inflow increases 
with  demeasing  elevation  through most of the  friction 
layer,  an assumption  similar to those made  by  other 
researchers  (Miller [14], [15], [lG]; Riehl  and Malkus  [19]; 
Rosenthal [20]). The inflow layer itself was fairly well 
defined by these  means  and was shown to  extend  from 
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HURRICANE  "HILDA"  RADAR  CROSS  SECTION  OCTOBER 1, 1964 
L O O  l ~ l ~ l ~ l ~ l ~  I ~ l ~ 1 ~ 1 1 1 1 1  

FIGURE 12.--\'ertical cross  section of radar echoes. Each flight level is stippled  where the  plane  appeared  to  be  in  an  active 3-cm. radar echo. 
The  bright  band is indicated  where  observed  by the RDR-lD vertical  height-finding radar.  The lower, thick  lines  labeled  "radar echoes" 
are  the  more  stable  and well-marked bands composited from the 10-cm.  APS-20  film as representative of the  band  structure  over  the 
major  portion of the period of flight. Darker  stippling  has been used to  represent the major wall cloud and  its more active  cumulus 
character. 
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HURRICANE "HILDA 'I OCT. 1,1964 
- VERTICAL  PROFILES OF RADIAL  WINDS 
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FIGT'RE 13.--C~~rves of radial velocity (in the  form of ru,/lO) against  pressure for various  radii. Mass balance  is  required a t  every  radius. 

scended  with decreasing radius. In  the  layer  from 650 to balances the mass inflow across the  radius.  Although 
500 mb., radinl  motion was weak or nonexistent,  and a t  t,he values of the inflow at  180 mb.  obtained  from  the 
500 mb.  the lower ext.remes of the outflow layer were flight data were most  helpful, they mere above the maxi- 
barely visible. mum  (in  elevation)  and allowed considerable flexibility 

The curves in the outflow layer were drawn  under  the in the  shape of the curve.  We have also assumed that 
msumptions that 1 )  tlhe radial flow goes to zero a t  100 gradations  in  the  radial flow from  one  radius to  another 
mb.  and 2) t,he mass outflow ac,ross any given radius just would be in  the form of  gradual  transitions  rather 
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FIGURE 14.-Vertical cross section of absolute  angular  momentum 
for tangential winds that  have been averaged azimuthally  about 
the moving storm. 

than  in  the form of alternate  annular rings  representing 
convergence, divergence,  etc. All these  criteria could be 
met if one assumed that  the computed  mean  radial 
velocities were accurate to f l  kt., i.e., that  the curves 
as drawn  did  not  depart from the  appropriate  data  points 
by  more  than  the  equivalent difference of 1 kt. in the mean 
radial flow. Any  more  explicit  reliance  on  the  mean 
((observed"  radial  velocities would be  unrealistic. 

The radial wind profiles are  the  most  important single 
factor in all budget  computations. The curves  have been 
drawn  with the  greatest possible care and  the  equal areas 
were measured by means of a  planimeter. Some further 
documentation was available a t  900 mb.  Figure l a  shows 
that a closed hexagonal figure was flown about  the  storm 
at this level. The mean radial velocity of the 5,500 ob- 
servations  gathered  around  this closed path  at 900 mb. 
was plotted on the radial wind profiles at  the mean radial 
distance and  has been drawn  to  exactly.  Note  that in 
both  the inflow and outflow layers  these  radial velocities 
were rather small compared with  those used by  other 
investigators  and in general were about half the normally 
assumed values. 

MEAN TANGENTIAL FLOW 

In a  manner  similar to  that employed in computing  the 
mean  (relative)  radial velocities, the mean (relative  to 
the moving storm)  tangential velocities (ve) were also 
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HURRICANE "HILDA " OCTOBER 1, 
VERTICAL CROSS -SECTION OF ABSOLUTE VORTICITj 
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FIGURE 15.-Vertical cross section of absolute  vorticity forthe  mean 
t,angential  relative winds. 

computed.  From  these winds we constructed cross sections 
of absolute  angular  momentum (fig. 14) and of absolute 
vorticity (fig. 15). 

The absolute  angular  momentum, 

M= cer + fr 2/2, 

of B parcel of air in the inflow layer obviously decreased 
as the parcel spiraled  inward.  This decrease, directly attrib- 
utable  to  the  drag  exerted on the sea surface  by the moving 
air, was imparted  to  the ocean. At upper levels in the  out- 
flow layer,  the  absolute  angular  momentum of the parcels 
was more likely to be conserved. Here  the  isopleths become 
almost  horizontal,  particularly at  the higher levels. Figure 
14 suggests that  the air which penetrated  farthest  inward 
lost more of its momentum than  other parcels and  may 
have risen quite high before significant outward motioll 
took place. It seems doubtful, however, that  the parcels 
followed exactly along the isopleths; turbulent exchange 
with  adjacent parcels of different value would tend  to 
alter  the  absolute  angular  momentum  value  with which 
the parcel traveled along on its  outward  trajectory. 

The mean cross section of absolute  vorticity, 
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FIGURE 16."Solid lines are Stokes' stream  function superimposed 
on (dashed)  lincs of absolute  vorticity. Selected streamtubes  are 
indicated by 1, 2, ctc. 

is presented in figure 15. Most of the values mere greater 
than 10-~  sec." and  near  the eye wall values of the order 
of set." were encountered.  Riehl  and  Malkus [19] 
have  pointed out  that while frictional influences un- 
doubtedly affect the  vorticity field, the  major configura- 
tion of the  vorticity field (and  the  absolute  angular 
momentum field) is presumably  still linked to  the distri- 
bution of convergence and  divergente so that, in the 
first  approximation, the theorem of potential  vorticity 
may  hold. If so, 

" f.2-42, 
fo, APl 

where Ap is the pressure depth of the column considered. 

We have  computed  Stokes' stream function  for the  radial 
and vertical  motions that follow from the  radial wind 
profiles. If the equation of continuity is employed, 

am 1 a(m,) 
a p  r ar -0 

from which 

m=-" Wl r ar  

and 

r y  --_. a+ 
?-ap 

The  stream  function was computed from the  latter ex- 
pression and  the  streamtubes  are shown as continuous 
lines in figure 16. A number of the  streamtubes were used 
to  evaluate  the conservation of potential  vorticity. 
Table 2 shows that within the inflow layer  there was a 
tendency to conservation. In  the  very lowest layer where 
frictional effects were strongest  there was little conserva- 
tion. In  the  layers of streamtubes from about 950 mb.  to 
850 mb., however, potential  vorticity mas conserved as it 
probably also was above  this level, although uncertainty 
in evaluating  the  terminal pressure depths  cast some 
doubt on the numerical  evaluations. 

As figure 16 shows, in the  upper portions of the outflow 
layer  the  streamtubes  are  very nearly parallel to  the lines 
of constant  angular  momentum.  There seems every  reason 
to expect that absolute  angular  momentum  is conserved 
a t  these levels and  that some turbulent mixing is the only 
modifying process. 

6. BUDGET  OF  ABSOLUTE  ANGULAR  MOMENTUM 
AND  EVALUATION  OF THE  SURFACE STRESS 

The mean flux of absolute  angular  momentum ( M )  was 
computed for t,he "mean symmetrical"  hurricane.  Figure 
17 presents the  results of these  calculations, which are 
basically similar to  the  computations of Riehl  and  Malkus 
[19] and Miller [14]. The horizontal fluxes in figure 17 
were calculated a t  10-n.mi. intervals  radially  and 100-mb. 
intervals  vertically, i.e., flux=2nrMv, Aplg, where ' Z  

and  are  the  appropriate mean d u e s  of absolute  angular 
momentum  and  radial velocity. 

The momentum  extracted by  the ocean was  computed 
in two  ways  and  the  results  are  tabulated  immediately 
below  1000 mb. in figure 17. Values  in  parentheses were 
derived using the  net horizontal fluxes into  and  out of 
the  annular volumes  from  sea level up  to  the 100-mb. 
level. In  each volume there was  a net excess representing 
the  momentum  lost  to  the ocean. The weakness in  this 
procedure lies in the  fact  that  the outflow layer  data were 
very  sparse  and  the maximum outflow ~ C C u r r e d  below 

- 
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FIQURE 17.-Flux of angular  momentum for the "mean  symmetric" 
hurricane  Hilda. In  the lower boxes, numbers  in  parentheses are 
momentum losses to  the sea computed  to  the  top of the  atmos- 
phere (100 mb.).  Immediately below are  the  same losses computed 
on the basis of the  better defined inflow layer data. Enclosed in 
the boxes are  momentum losses per unit  area in units of lo8 gm. 
sec.-2 

the  upper observational level, in  the  very region where 
the vertical  gradient of absolute  angular  momentum was 
quite  strong.  This  meant that horizontal fluxes in the 
outflow layer could be  materially  altered  by  relatively 
minor  shifts  in the rvr profile aloft. For these reasons, an 
alternate  method was used based only on data from the 
better defined inflow layer. The resulting  values are given 
immediately below the estimates  in  parentheses. The 
differences in  most cases were of the order of 10 percent 
or lese. 

As one might  expect, the  total  angular  momentum  lost 
to  the ocean was greater  in  the  outer volumes and de- 
creased inward. This is attributable  to  the  greater ocean 
surface area  in  the  outer volumes, which apparently more 
than compensates for the increasing wind speeds and 
greater  drags  in  the  inner volumes. The enclosed figures 
given at  the  bottom of figure 17 are  the  momentum losses 
per square  centimeter (x lo8 gm. see.-*) in each of the 
annular rings. These show that  the  rate  at which angular 
momentum  was  extracted  per  unit  area  increased as  the 

radial  distance  decreased,  resulting  in  greater loss per 
unit  area a t  higher wind speeds. 

With  the  data  at  hand,  estimates were then  made of 
the surface stresses by means of which the  angular 
momentum was transferred  to the ocean. In  the more 
conventional  approach, the  tangential  equation of motion 
in cylindrical coordinates ma,y be written: 

where lateral  frictional effects have been ignored and  the 
symbols  are  conventional,  with TO,  defined as the shearing 
stress in the 8-2 plane. If we assume a steady  state 
relative  to  the moving system  and symmetry, i.e., in effect 
that  the tangential  gradients of p and vo are negligible, we 
may mi te  : 

or 

where p o  is the surface pressure, p H  is the pressure at  the 
top of the inflow layer  (where is zero and T6H is usually 
assumed negligible). The second term on the  right  has 
been variously  estimated at  around 10 percent of the first 
term  and is usually neglected. 

An equivalent expression can be  derived, which involves 
the absolute  angular  momentum, M, in the place of the 
absolute  vorticity : 

also, 

and , 

where use has been made of the  appropriate expression for 
the equation of continuity. In  this  latter form of the  equa- 
tion for the stress, we can make  ready use of the rv, curves 
(fig. 13) and of the  angular  momentum profile (fig. 14). 
The vertical velocities were calculated  from the rur curves. 
If instead of integrating  only  over  the inflow layer,  one 
integrates  to  the  top of the  atmosphere, TO* becomes 
negligible. However,  uncertainties  arise  because of the 
lack of data  at  upper levels. 
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TABLE %--The tangential  shearing  stress  computed in  jour different 
ways jor 10-n.mi.  annular  rings centered on 16, 26, e&. n.mi. 

HURRICANE 'HILDA. OCTOBER 1,1964 
STRESS UNITS  DYNES  /CY. '  

I A D I U S  NAUTICAL YlLES I IS 

I 

I s 7 . 2  

136.3 

43.5 

I 

I 67.9 

27.0 

- 
22.7 

24.3 

- (3.01 

27.3 
__ 

8.8 

1i5.0) - 
23.8 

- 

19.3, 

- 
18.0 

1 

TABLE 4.-Drag coeficients computed from the indicated stress values 

HURRICANE "HILDA" OCTOBER 1, 1964 
DRAG COEFFICIENTS AND  TANGENTIAL  SURFACE  STRESSES 

COMPUTED  FROM  THE  ANGULAR  MOMENTUM  BALANCE 

RADIUS (N.Mi.1 70-80 60-70 50-60 40-50 30-40 20-30 10-20 

Cd x I@ 1.20 1.42 1.58 1.84  1.99  2.17  3.56 

Km (DynesICm') 5.68  8.04 11.00 f5.00  19.30 26.98  52.44 

.01 , . .  . (  I 1  v . 1 .  . . .  l . . ' . , .  I 1 1  

We evaluat,ed the surface  stress, ren, (assuming TBH 

negligible) in four "different" ways. That is, we inte- 
grated each of the expressions through the inflow layer 
and also from the  surface  to the  top of the  atmosphere 
(assumed to  be 100 mb.). The results of these  numerical 
integrations  are  presented  in  table 3. The  top line repre- 
sents  the  most  convenient expression to  evaluate com- 
put,ed through the inflow layer where the data were best. 
The second line  evaluated these same expressions from 
the surface to 100 mb. In general t,he agreement  appears 
t,o be  fairly good. The  data were of such quality  that we 
do not feel the differences in the 760 values reflect the 
value of reH in  any significant way. 

The lower two lines of table 3 present  analogous cal- 
culat.ions for roo using t,he expression involving the abso- 
lute  vorticity  and including the  frequently neglected 
shear t.erm. In  the inflow layer  the  shear  term was about 
10 percent of t,he vorticity  advection  term except in the 
smallest  annulus. When evaluation was made  to  the  top 
of the atmosphere tfhe shear  term  became,  in  general, 
t,he dominant, t.erm. With  the exception of the  innermost 
annular  ring, t,he final values are  reasonably  similar. For 
reasons already  stated,  the  evaluation  through  the well- 
documented inflow layer  (top line) was selected as "best" 
and these values were used in determining the  momentum 
exchnnge coefficient. These  calculations  involved the 
mean transport.  terms only. 

The stress  averaged  around 6 dynes/cm.z in  the  outer 
ring where winds were about 24 m./sec., rising to some 
52 dynes/cm.2 in  the  innermost ring where winds averaged 
about 41 m./sec,. Through use of the empirical formula 

Ton=pcdt'8v% pCd2'flZ 

where V is t,he total wind (as contrasted  to  the  tangential 
surface wind) the  drag coefficient>s (table 4) were evalu- 

FIGURE 18.-Drag  coefficients  for  hurricane  Hilda  plotted  against 
a  background of other  hurricane  and  lower  speed  determinations 
(after  Miller [17]). 

ated for the various  annular  rings  and corresponding 
wind speeds. The dimensionless drag coefficients ranged 
in  value from 0.0012 to 0.0036 and  have been plotted 
against wind speed (large solid circles) in figure 18. The 
drag coefficients for higher wind speeds from hurricanes 
Helene and  Donna were obtained  by Miller [ 161, who 
also presented  estimates for lower wind speeds  taken 
from  a summary  by Deacon and Webb [3]. The values 
for  hurricane  Hilda  appear overall to be  somewhat low 
at  intermediate  speeds but agree  with Miller's estimates 
a t  maximum speed. They suggest  a  curvilinear  depend- 
ence of drag coefficient on wind speed rather  than  the 
linear  relation  (dashed  line, fig. 18) suggested by Miller. 
Palm6n and  Riehl [18] used the composited mean  hurri- 
cane data of Hughes [7] and E. Jordan [9] to  estimate 
drag coefficients. Their  values  ranged  from 1.1 x to 
2.1 X for winds that varied  from 6 to 26 m./sec. The 
technique they used also employed an  angular momen- 
tum budget. 

In working with  the data of hurricane  Daisy,  Riehl 
and  Malkus [19] used an assumed constant  drag coefficient 
of 2.5 x inside the 80-n.mi. radius  to  estimate  the 
transfer of angular  momentum  into  the ocean. They 
found that while the  disturbance was in  the tropical 
storm  stage  the angular  momentum  balance  was  reason- 
ably satisfied without  transfer by  lateral stresses. When 
the  hurricane reached maximum  intensity, however, 
balance was achieved only through sizable exports by 
means of lateral stresses. 

The computations  just cited also included estimates 
of the  lateral  transports  by eddies. The  day when hurri- 
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TABLE 5."For the indicated  radial  intervals the following  quantities 
are  listed in  order: the air-sea  temperature diference, the air-sea 
(saturation at sea temperature)  specific humidity  diference, mean 
wind  speed,  ezchange  coeficients,  sensible heat transfer,  latent heat 
transfer, the Bowen ratio, and  outgoing  radiant heat energy. 

Qe I 1 0 1 z J o u l e r f r e c  10.17 9.23 10.74  11.56  14.77  13.47  14.34 

rb 0.21  0.20 0.19 0.19 0.15 0.17 0.17 

R, x lO'*Jouler/s~  .44  .73 1.02 1.30 1.19 1.88 2.47 

cane  Daisy was at  maximum  strength  the  eddy  transport 
of angular  momentum was outward  and was approxi- 
mately 10 percent of the  total  import at the given radial 
distance. In  the case of hurricane  Hilda we had  available 
the circumnavigation data  at  900 mb. a t  a mean radial 
distance of about 50 n.mi. The inward  angular  momentum 
transport  by  the mean  mass flow for the 950- to 850-mb. 
layer a t  this  distance wa,s 3.6 X lon gm. cm.2 sec.-2; 
the  eddy  tra.nsport  corresponding  to t.his mean was 
1.4 X 1021 gm.  cm.2 set.+, directed  outward. Thus,  the 
eddy  transport was about 5  percent of the mean and 
in a direction opposite to  that of the mean  transport. 

7. BUDGET O F   T O T A L  EFFECTIVE ENERGY 
The phrase "t'otal effective energy," H,  is used here 

to  indicate  the  total energy of the parcel less the kinetic 
energy. Since even in a  hurricane  the kinetic energy is 
but a small fraction of the  total energy, H is a useful 
concept  although  a misnomer in the sense that for some 
purposes the energy of the wind is the effect,ive portion 
of the kinetic energy. 

Computations of the exchanges of sensible and  latent 
heat  at  the ocean surface involved the following assump- 
tions and procedures : 

1) The exchange coefficients for sensible heat, C,,, and 
moisture, Ce, were assumed identical  with that for 
momentum, C,. 

2) The sea  surface  temperature, To, was assumed to 
be a uniform 30" C. This  warmth before the passage of 
Hilda  has been well documented by Leipper [13]. Whether 
one is justified in assuming a uniform temperature  that 
applies  equally to  the  front  and  rear of the  storm  appears 
dubious in the light of Leipper's findings. (The  recent 
advent of reliable infrared  thermometers will provide  a 
handy tool for further research  in  this  area.) 

3) The air  temperature, Tu, a t  the various  radii was 
derived from the soundings shown in figure 8 by extrapo- 
lation from the 900-mb. flight temperatures, as pre- 
viously described. 

4) With  the ocean temperature  and pressure given, 
the  saturation mixing ratios st t.he sea  surface, qo, was 

computed using a tephigam.  The  actual mixing ratio 
of the air, qa, was  similarly  obtained by  tephigam on 
the basis of the 900-mb. data level under  the  assumptions 
previous listed. 

5) The vertical transports of sensible and  latent  heat 
were computed using the usual expressions 

where - indicates  areal  averaging, V is the  total wind 
speed,  and A is  area. 

In  addition to  the foregoing, the Bowen ratio, TO, was 
calculated using the relationship 

A rough  order of magnitude  calculation  was made of the 
infrared  radiation from the  top of an idealized inner  cirrus 
shield. Using the  equation E=aT4, where a=8.22X1011 
cal. cm.-2 min.", the Stefan-Boltzman constant, assuming 
T=220°A., which equates  to  an effective radiating cloud 
temperature of "53°C. located between the 150- and 
180-mb. levels, one  obtains  the  radiation in joules/day 
from an  annular ring as 

ET( b 2 - d )  1440, Ra= 4.186 
where a and b are  the  pertinent  radii. 

The results of these  calculations  are  presented  in table 
5, which shows that  the air-sea temperature differences 
were close to 5.0"C. or about twice as large as those used 
by Miller [14] for hurricane  Helene  and  by  Riehl  and 
Malkus [19] for hurricane  Daisy.  The air-sea humidity 
differences were also about twice those used by  these 
investigators. Because of these similar proportions, t8he 
Bowen ratio was also quite similar,  and  varied from 0.15 
to 0.21. Thus  the  latent  heat added from the ocean sur- 
face was about five times the sensible heat given up  by 
the  water. 

The  bottom  line of table  5 suggests that long  wave 
radiation  under  the high cirrus shield was a  minor  factor 
a t  the  inner  radii, but one  cannot  conclude  from  this that 
radiation effects in  hurricanes are  unimportant. In  a  very 
interesting  paper,  Anthes  and  Johnson [l]  recently com- 
puted the infrared  radiation from the  area  outside  the 
cirrus shield (from 500 to 1000 km.), using radiat,ion rates 
from the  Tropics  as measured by  Kuhn  and  Johnson [ 111. 
Anthes  and  Johnson  found that in  hurricane  Hilda  on 
the same day,  Oct. 1, 1956, the  radiant loss of energy 
in the  outer  ring was equivalent  to  a cooling of the  air 
mass a t  l.S"C./day. This cooling in turn helped to con- 
tribute  to  the baroclinicity and to the production of avail- 
able  potential energy in quantities  that were not insignifi- 
cant when compared  with that engendered by  the release 
of latent  heat  at shorter  radii. The effect of the increased 
albedo of the cloud shield in diminishing  these  baroclinic 
tendencies has apparently  not been considered. 

The budget  for  the  total effective energy, 
H=c,T+gz+Lq 

including the fluxes of sensible and  latent  heat, is shown 
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HURRICANE  "HILDA" OCTOBER 1,1964 
DIVERGENCE o f  H plus Oh units of 10" Joules /roc. 
QA = Os + 0, ,where 0, and 0, are VERTICAL  FLUXES 

of SENSIBLE and LATENT  HEAT 

100 
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400 

300 

- 
- 2 600 

10 17 

m 9, 

A 4  A .  A A  A 1  4 . 1 .  

1.82 2 0 6  215  2  24 2.35 2 40 
9, Q r  9. 91 9, 9' 

9 23 10.74 11.56 14.77  13.47 1434 
9, 9, 9, 90 Q. Q. 

I 1  I 1 I I 1 I 1 
LO 2 0  3 0   4 0   5 0  60 7 0  00  

DISTANCE (NAUTICAL MILES) 

FIGURE 19.-Budgct of H=c,T+Lp+gz ,  the  total effective  energy, 
including the f l r n  of sensible and  latent  heat  from  the ocean. 
Lowest  numbers  (enclosed)  are  the  latent  heat  losses  per  unit 
area  and  time in units of joules cm.-2  sec.-1 

in figure 19. Mean horizontal fluxes of H were  computed 
from the r v r  c,mves using mean  temperatures,  mixing 
ratios,  and  heights for the  appropriate pressure intervals. 
At  the  top of the  diagram, a net excess/deficit for each 
annulus is indicated  by an upward/do\~rnward  arrow. 
An upward  arrow  indicates that energy in  the  amount 
cited  was  available for loss through  radiative processes. 
Five of the rings show  excesses but  the  amounts  are of 
too large an order of magnitude  to be accounted for by 
the expected radiative cooling at  these radii. It seems 
more likely that  the  net  annular  amounts  simply reveal 
limit,ations  in  data  and procedures. At  the  one  radial 
distance  (about 50 n.mi.) a t  which t.he 900-mb. circum- 
navigation was made, a computatiou of the  net  eddy  trans- 
port revealed that  the  transport was inward  (in  the  same 
direction  as  the  meen) but mas only  about 1 percent of 
the  mean in magnitude. 

The  bottom row in figure 19 shows that  the flux of 
latzent  heat from the  sea  surface diminished  from 14.3 
units  in  the  outermost  ring  to 10.2 units  in  the  innermost, 
or by a factor of X ,  and  that  the flux per  unit  area of 
sea surface went from 0.09 units  to 0.31 units over the 

HURRICANE  "HILDA"  OCTOBER I ,  1964 
DIVERGENCE  OF  MOISTURE 

FIGURE 20.-Budget of moisture  showing the horizontal  mean 
transport  and  evaporation from the ocean  surface. 

TABLE B.-RainfaZZ rates for indicated  annular  rings  assuming  that 
all the convergent wuter vapor falls as precipitation 

HURRICANE "HILDA" OCTOBER I ,  1964 
MOISTURE  BUDGET  AND  RAINFALL  RATES 

RADIAL INTERVAL ( N . U i  10-80 70-00  60-70 50-60 40-50 30-40 20-30 10-20  

DIVERGENCE q 

,110,  pn,,,s., 
-90.3 -12.0  -12.1  -13.3  -12.7 -11 .9  -11.4 -16 9 

I 

TOTAL RAINFALL 
DURING  PASSAGE  OF 2.43 0.98 0.74  0.62 0.52 0.40 0.34 6 .0  
INDICATED  ANNULAR 
RINGS  (INCHES1 (6Kl .  1 

same  interval.  Thus, over the  innermost  ring,  despite 
the lower air-sea humidity difference, the ocean gave 
up to the  atmosphere  about  three times as much latent 
heat  per  unit  area as at the  outer  limits.  The  most efficient 
area  in which to  inhibit  this  transfer would be in the  inner- 
most rings where,  however, the winds are  strongest  and 
the seas are  the  roughest.  These  latter  factors  have 
argued  against  experiments using monomolecular films 
to inhibit  the  transfer of water  vapor  and  thus try to 
diminish the energy  available  to  the storm. On  the  other 
hand, over the much  larger  area of the  outermost  ring, 
more  total  latent  heat was supplied  the  storm  under  much 
less turbulent conditions, and  under  such conditions a 
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film would have a much better chance of remaining intact 
and effective. 

8. BUDGET OF MOISTURE AND RAINFALL 
Figure 20 presents the water  vapor  budget in  units of 

lo0 gm./sec. For comparative  purposes one can  convert 
these into joules/sec. (X 10”) used in figure 19, by 
multiplying  the  entries  in figure 20 by 2.5. In  the layer 
from 900 to 1000 mb., about 12 to 13 percent of the  total 
effective energy was in  the form of latent  heat. In  the 
layer  from 800 to 900 mb., the  latent  heat represented 
about 10 percent of the  total effective energy, while in 
the  layer  from 700 to 800 mb. it represented 7 to 8 percent 
of the total. Note that  at  the 50-n.mi. radius a t  900 mb. 
(ie., from 850 to 950 mb.)  the  eddy  transport of water 
vapor was about 10 percent of the  mean  and  in  the  same 
direction. 

I n  table 6 the  net convergence of water  vapor  in  the 
annular volumes is indicated,  together  with  the  rainfall 
that might  be expected if the “excess” vapor were con- 
densed out. We see that  the rainfall rate increased rather 
slowly with decreasing radius  until  the  last two rings are 
reached, where the  precipitation rate increased  most 
abruptly.  The lower line of the  table gives the  total 
rainfall that c,ould be expected with the passage of the 
storm directly  overhead,  moving at  its observed speed 
of 6 kt.  The values  include  rainfall for both sides of the 
given  annular  ring. A total fall of 6.0 in. would be  ex- 
pected  to occur during  the passage of this  inner  portion 
of the  storm (i.e., inner 80 n.mi.). Precipihtion would 
also be  expected  outside  this  inner area so t,hat  the 
final total would probably  fall  in  the  range of 8 to 10 in. 
Since an average  hurricane is “normally”  expected  to 
produce about 10 in. in passing, this  total is not  at odds 
with the usually  accepted averages. Riehl and  Malkus (191 
calculated some 12 in. of precipitation for the passage of 
the  inner 100 n.mi. of hurricane  Daisy 1958 (on the  27th) 
and Miller [14] calculated some 7.3  in. for  the passage 
of the  inner 60 n.mi. of hurricane Helene. 

9. BUDGET OF KINETIC  ENERGY 
An expression for the  rate of change of kinetic  energy 

in an  annular volume may be  derived  from  the horizontal 
equation of motion 

”_ jkXV-v++F dt  - 

by  taking  the  dot  product  with V, assuming  circular 

symmetry  and  setting K=--, the  kinetic energy per 

unit mass. 

V2 
2 

If we introduce  the  equation of c,ontinuity in its appro- 
Driate form 

( g + , s - ) = O ,  ac, v, a, aP  

and  integrate  over  the mass of air in the  annular volume 

TABLE 7.-Kinetic energy budget for the mean m t w n  in hurricane 
Hilda 

HURRICANE  “HILDA“  OCTOBER 1 .1964 
KINETIC ENERGY BUD1 

~~ 

R A D I A L   I N T E R V A L  IN MI) 

M E A N   A D V E C T I O N  

M E A N   P R O D U C T I O N  

ADVECTION  PLUS 
PROOUCTION 

DISSIPATION DUE TO 

SURFACE  FRICTION 

L E F T  OVER FOR 
I N T E R N A L   F R l C T l O N  

R A T I O  OF I N T E R N A L  
F R I C T I O N  TO GROUND 
DISSIPATION 

(between 1000 and 100 mb.), we obtain 

a 4  

(nr,bkb-craaka) --“S(b2-a2) dP at 9 

The first  term  on  the  right is the differential  horizontal 
advection across radii a and b integrated  over  the  vertical 
“limits” of the  storm. It was evaluated  over  100-mb. 
intervals  from 1000 to 100 mb. The second term  is  the 
production of kinetic energy by  pressure forces as the  air 
parcels  move across the isobars where the  bar  term is 
the mean  from radius a to  radius b .  The  third  term, where 
F is friction,  represents loss of kinetic  energy  due  to 
frictional effects. 

The results of these  computations  are  presented  in  table 
7, which shows that mean  advection  decreased steadily 
inward  with  decreasing  radius. (Eddy  transport across 
the 50-n.mi. radius a t  900 mb. was slightly  more  than 
10 percent of t,he mean  advection and in the  same direc- 
tion,  namely  inwards.) The production of kinetic  energy, 
on the  other  hand, increased  with  decreasing radius, 
reaching its maximum  in the  innermost  annular  ring. 
Overall,  production contributed less that did  advection 
to the inc.rease of kinetic  energy  within  the  radii  studied 
here. This is in contrast to the  relative  importance of 
these  terms as determined  by  Riehl  and  Malkus I191 
and  by Miller [14]. 

The dissipation of kinetic  energy due  to friction can be 
subdivided into 1) losses caused by surface  or  ground 
friction and 2) losses resulting from  internal friction. The 
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first may be  approximated  by  the expression 

F - C,pV3dA 
0 - L  

which means that  any  estimate of internal  friction must 
be  determined  through  the use of residuals. Although  this 
method  leaves  much to be desired,  table 7 indicat,es that, 
despite  the decreasing ground  area of the  smaller annular 
rings,  surface  frictional losses of kinetic energy increased 
a,s the  radius decreased. This is not too snrprising when 
one considers that  the losses are  proportional  to the  cube 
of the mind speed, which increases at smaller radii. 
However, the  amounts  left over for internal  friction  appear 
to be  inadequate,  particularly  at, smaller radii,  a  fact  best 
reflected in  the rat,io of internal frict.ion to that dissipated 
ut the ground. It seems unlikely,  though not impossible, 
t>hnt  this  rat,e shonld decrease as the  radius decreases, i.e., 
as the winds and  turbulence increase. In  contrast  to  the 
invest,igators cited above, mho found  this ratio to increase 
wit,h decreasing radius, we found by experiment that  by 
doubling  t,he product,ion of kinetic energy in each annulus 
the  ratio of int,ernal  to  ground  friction is maintained  just 
about  constant,. We therefore concluded that while our 
budget may be deficient’ in cert,ain respects it is probably 
correct  to  bett,er than  just  the order of magnitude. 

10. SUMMARY 
The horizont,al and vertical  st.ructures of the inner core 

of htlrricane  Hilda were examined in  the  detail  permitted 
by t,he flights o f  Oct. 1, 1964. Greater  vertical resolu- 
tion  and d a h  from higher altitudes  have  permitted more 
det>ailed analyses  and higher vertical coverage than 
previous datja collections. Various budgets were prepared, 
which for t,he first t8ime were drawn exclusively from air- 
craft data.  The budgets  compare rather  favorably  with 
t,hose of previous investig:ators, who used a  combination 
of conventional  and  aircraft, data,  but  must be  accepted 
wit8h some reservations.  Perhaps  the  major  point  with 
regard to the  budgets  is  t,hat  they  appear tro be  almost  but, 
not  quite definitive. They suggest that for a storm offering 
better  radar definition and hence more accurate compos- 
iting of t.he data, a similar collection of data would permit 
more definitive conclusions to be reached. 
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